The new release of the SPECFIND radio cross-identification catalogue, SPECFIND V2.0, is presented. It contains 107488 cross-identified objects with at least three radio sources observed at three independent frequencies. Compared to the previous release the number of entry radio catalogues is increased from 20 to 97 containing 115 tables. This large increase was only made possible by the development of four tools at CDS which use the standards and infrastructure of the Virtual Observatory (VO). This was done in the framework of the VO-TECH European Design Study of the Sixth Framework Program. We give an overview of the different classes of radio sources that a user can encounter. Due to the increase of frequency coverage of the input radio catalogues, this release demonstrates that the SPECFIND algorithm is able to detect spectral breaks around a frequency of ∼ 1 GHz.
Introduction
The cross-identification of radio sources observed in the centimeter to meter wavelength domain with different instruments is a rather difficult task, because of huge differences in sensitivity, spatial resolution, and the nonsimultaneous observations of variable sources. Especially the very different spatial resolutions of single dish telescopes and interferometers are difficult to handle. On the other hand, most sources show a power-law spectral energy distribution in these wavelengths due to synchrotron or thermal emission. Synchrotron emission produces a power law spectrum with a possible cut-off or reversal of the spectral index at low frequencies due to self-absorption or comptonization. The spectrum of thermal electrons is flat in the optically thin domain.
In Vollmer et al. (2005a) we presented the SPECFIND tool for the extraction of cross-identifications and radio continuum spectra from radio source catalogues contained in the VizieR database of the Centre de Données astronomiques de Strasbourg (CDS). The SPECFIND crossidentification tool takes advantage of the power-law shape of the spectra. In addition, it takes into account the angular resolution of the observations, the source size, and the flux densities observed at a given frequency. The SPECFIND tool also insures that a radio source cannot be assigned to more than one physical object.
In a first release (SPECFIND V1.0; Vollmer et al. 2005a,b) we cross-identified the sources of the 20 largest radio catalogues in VizieR (Ochsenbein et al. 2000) , representing 3.5 million sources. Our work led to more than 700 000 independent cross-identifications between sources
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The information contained in radio catalogues is heterogeneous containing different entries, (e.g. peak flux or integrated flux) and physical units (e.g. source extent in arcsec, arcmin, or beamsizes). On the other hand, a crossidentification tool needs uniform input: at least a source name, position, and flux density at the measured frequency. The uniformisation of the 20 SPECFIND V1.0 entry catalogues was done by hand. For a significant increase of independent radio cross-identifications, an input of sources from more than a hundred radio catalogues is needed. This goal could only be attained by taking advantage of Virtual Observatory (VO) capabilities, which are described in Sect. 2. The new release of the SPECFIND catalogue is presented in Sect. 3.
Table Uniformisation using VO tools
The Virtual Observatory offers (i) the standards for an efficient table uniformisation and (ii) the infrastructure to make new tools available to the astronomical community. The aim of this work is two-fold: 1) discovery of available resources, i.e. radio catalogues, in the VO world and 2) extraction and homogenisation of the relevant information from these resources.
Within the framework of the European VO-TECH Design Study we have developed three VO tools at CDS: (i) TABFIND: a tool to search for useful radio catalogues in the Virtual Observatory, (ii) TABUNIF: a tool to extract relevant information from these catalogues and to uniformize the catalogue information, and (iii) CAMEA: a tool to characterize the data, i.e. to include additional metadata necessary for the full usage of the data in the VO, as required in the VO "Characterization" data model (Louys et al. 2008) . For example, the angular resolution of the observations is not provided as a standard parameter in the VizieR catalogue description. During the development the tools were kept as general as possible. They can thus be used in other astronomical contexts. We also plan to include the extended radio catalogue description gathered by the characterization tool into VizieR. These tools together with the associated manuals are available at http://eurovotech.org/twiki/bin/view/VOTech.
Registry query tool TABFIND
This tool identifies VO resources based on Unified Content Descriptors (UCDs). The UCDs are a controlled vocabulary defined by the VO to describe astronomical quantities (Derrière et al. 2004) . TABFIND is written in Java and uses XMLDB API 1 to get data from the VO registry of resources. The latter is a kind of telephone book where all web servers are listed that comply with VO standards. The user specifies a required set of UCDs. TABFIND searches the VO registry for all catalogues whose descriptions contain these UCDs. For example, in our project the minimum set of parameters needed for the radio cross-identification are source coordinates and a radio flux.
The result of the query is a list of relevant radio catalogues. The catalogues can then be sorted into useful and not useful catalogues by displaying the catalogue descriptions. A workspace permits to save and restore all actions performed on the catalogues. At the end, a final list of relevant catalogues is established.
Data homogenisation tool TABUNIF
The relevant catalogues obtained from TABFIND can be directly loaded into the data homogenization tool. TABUNIF creates homogenized data from a heterogeneous set of catalogues. It is written in Java and works on XML tables. In a first step the user specifies a set of columns for the output table which can be based on the list of UCDs 2 . In our case we defined the output columns according to the needs of the SPECFIND cross-identification tool (Vollmer et al. 2005a) . In a second step the tool generates an interface where a column of the entry radio catalogue is assigned to a user specified output column.
The user is free to change the input column that he/she wants to assign to an output column. It is also possible to assign an arithmetic combination of different input columns or conditions on input columns to an output column. As a result the tool generates an ASCII output table for each input radio catalogue. The ASCII output tables can be directly used by the SPECFIND cross-identification tool. Alternatively, the output table can be produced in the VOcompliant VOTable format 3 for future usage by VO tools.
Characterisation tool CAMEA
We realized that the description of the radio catalogues in VizieR does not contain all necessary information for the cross-identification. Basic information such as the identity of the instrument, frequency, resolution, and observation dates are not included in the catalogue metadata. We therefore decided to develop a third VO tool which permits to specify this missing information. More generally, it will permit to create a full description of a VO resource based on the VO Characterization data model (Louys et al. 2008 ).
In the future, CAMEA will help to provide the input for the data homogenization tool TABUNIF described above.
In this way we plan to complement the VizieR metadata of radio catalogues by adding the frequency, angular resolution, observation dates, etc.
SPECFIND V2.0
The use of the registry query tool and data homogenization tool enabled us to include 97 radio catalogues and 117 tables (a catalogue corresponds to one reference and can contained multiple tables) from VizieR (Ochsenbein et al. 2000) into the SPECFIND radio cross-identification tool (20 catalogues from Vollmer et al. 2005a (Table 1 ) and the catalogues listed in Table 2 ). The number of sources from these catalogues is 3.76 × 10 6 giving rise to 107488 crossidentified objects, i.e. objects with at least 3 flux densities observed at 3 independent frequencies. Compared to the first release of the SPECFIND V1.0 catalogue this is an increase of available radio sources by ∼ 8 %. This relatively small increase is due to the fact that the number of catalogues with a given number of radio sources increases rapidly with decreasing number of radio sources contained in the catalogue. However, the smaller catalogues often provide the missing third flux density to establish a radio spectrum. For example, in the northern hemisphere there is a multitude of radio objects with available NVSS (1.4 GHz; Condon et al. 1998) and WENSS (325 MHz; Rengelink et al. 1997 ) flux densities. The surveys at higher frequencies, which were included in SPECFIND V1.0, are rather shallow and thus did not detect the majority of the sources. Observations at high frequencies underlying small catalogues are almost always more sensitive than observations which give rise to large catalogues, with the drawback that they are made within small areas on the sky. This is the reason why a modest increase of source available for the cross-identification (∼ 8 %) leads to a significant increase of cross-identified radio objects of ∼ 60 %. The source coverage of the first and the second release of the SPECFIND catalogues are shown in Fig. 1 .
The SPECFIND V2.0 catalogue is available via Vizier at CDS. It has the same data structure as SPECFIND V1.0. Each radio source represents one line of the catalogue. The radio sources from one physical object are linked via a common sequence number. For each radio source SPECFIND V2.0 gives a flag for extended/confused/complex sources (based on the NVSS), the source name, coordinates, flux density, error of the flux density as used in SPECFIND, number of sources with the same sequence number, slope and abcissa of the radio spectrum, positional difference to the NVSS source which is part of the spectrum, and the difference between the interpolated 20cm and the NVSS flux density. In addition, we provide a link to the plot of the radio spectrum and a link to the Aladin applet in which the NVSS/DSS images and the positions of the SPECFIND V2.0 radio sources together with the beam sizes of the different observations are displayed. Moreover, we provide access to the radio sources that are cross-identified only with respect to their position (overlapping beams or extents), but do not fit the radio spectrum.
The distribution of the spectral indices 4 is shown in Fig. 2 . The distribution peaks at α ∼ −0.9, which is consistent with the result from the first release (see also Zhang et al. 2003) . As in SPECFIND V1.0, there is a wing towards positive spectral indices, which is most probably caused by the flattening of the spectrum at low frequencies due to synchrotron self-absorption and at high frequencies due to the emission of thermal electrons.
The number of objects as a function of the number of catalogued sources contained in an object is shown in Fig. 3 . The shape of the distribution is a broken power law with a break at about 12 sources per object. The maximum number of catalogued sources in a physical object is 30.
The distributions of the spectral indices as a function of the measured or interpolated flux density at 325 MHz from SPECFIND V1.0 and V2.0 are shown in Fig. 4 . In SPECFIND V1.0 the straight, almost horizontal edge of the distribution in the left part of the plot (marked as (a) in the upper panel of Fig. 4 ) is due to a selection effect. For these low flux density sources with a steep spectrum, SPECFIND found a source at 20 cm (NVSS) and 50 cm (WENSS), but none at 6 cm, where the sensitivity of the surveys (∼ 20 mJy) is insufficient. The inclusion of the new radio catalogues at 4850 MHz into SPECFIND V2.0 improved this situation only mildly. The vertical edge in the lower left part of the plot (marked as (b) in the upper panel of Fig. 4) is mainly due to the limiting flux density of the B3 survey. Here, the inclusion of a significant number of new sources at low frequencies (ν < 1 GHz, mainly the 6C and 7C catalogues) leads to a significant increase of objects with 325 MHz flux densities smaller than 100 mJy and spectral indices smaller than 0.
Compatibility with SPECFIND V1.0
The cross-identification of radio sources observed at different frequencies and with considerably different angular resolutions (see Table 2 ) is a complex task. The details of the SPECFIND cross-identification algorithm are described in Vollmer et al. (2005) . In a first step SPECFIND makes a positional cross-identification accounting for the source extent and resolution of the survey. In a second step the flux densities and associated errors observed at the same frequency are compared and in a third step, a power law is fitted to the flux densities at different frequencies. The cross-identification is done for each catalogued radio source separately resulting in different spectral indices of sources belonging to the same object. In crowded fields with a high source density the cross-identification might not be unique and depends on the weight given to each source in the physical object. The resulting degeneracy in the cross-identification is solved by a self-consistency check of all physical objects found by SPECFIND (for details see Vollmer et al. 2005a ). This procedure insures that a radio source cannot be associated to two different physical objects.
Once sources of new catalogues are added to the input of the SPECFIND cross-identification tool, sources in crowded fields can be redistributed among physical objects, former objects can disappear and new ones can be created. To insure the compatibility between the SPECFIND V1.0 and V2.0 catalogues, we developed a tool to check the coherence between these catalogues. This tool searches for (i) radio sources of SPECFIND V1.0 which are not found in V2.0 and (ii) radio sources of a physical object in SPECFIND V1.0 which are found in different physical objects in V2.0. The tool displays the V1.0 and V2.0 object lists together with the V1.0 and V2.0 spectra. As an additional step the user can display the NVSS 20 cm image within Aladin (Bonnarel et al. 2000) together with the source positions and the beam sizes (angular resolution) (Fig. 5 -Fig. 9 ). This information allowed us to (i) merge both spectra, or to keep the (ii) the V1.0 or (iii) V2.0 spectrum. In this way we visualized and modified about 1000 physical objects in the SPECFIND V2.0 catalogue.
This procedure also allowed us to detect complicated cases of the radio cross-identification. In the following we present the 5 major classes of physical objects that a user finds in the SPECFIND V2.0 catalogue: (i) well-behaved, (ii) extended, (iii) complex, (iv) physical double, and (v) unphysical double sources. Sources of class (ii)-(v) can be recognized by a spread of spectral indices α of the sources contained in a physical object which is larger than the uncertainty due to the flux density errors (∆α > 0.3; Vollmer et al. 2005b ). We decided to leave all these sources in the catalogue. We therefore caution the user against a blind use of the SPECFIND V2.0 catalogue. To help the user, we provide flags for sources which (i) have at least one neighboring NVSS source within a radius of 2 ′ (possible confusion), (ii) have deconvolved sizes larger than 45 ′′ in the NVSS catalogue (extended sources), and (iii) are marked as complex in the NVSS catalogue.
Well-behaved sources
The vast majority of the SPECFIND V2.0 objects are wellbehaved (Fig. 5) , i.e. they are unresolved or marginally resolved in most of the surveys and exhibit consistent spectral indices for all sources (the uncertainty of the spectral index is ±0.3; Vollmer et al. 2005a ). In the case of sources which are only present in one of the catalogues SPECFIND V1.0 Landecker & Caswell (1983) is the first reference.
or V2.0, we merged the spectra of all these well-behaved sources.
Extended sources
The second class of sources are those which are extended with respect to the mean resolution of the input catalogues which is ∼ 1-2 ′ . An example for such a source is shown in (2003) 1 : S: single dish; I: interferometer 2 : Percentage of sources with identified spectrum. Only unambiguous source names could be counted. Fig. 6 . At low frequencies these objects have radio fluxes from low resolution surveys in which the source is unresolved. However, at high frequencies the radio fluxes are provided by high resolution surveys. The source is thus resolved leading to a flux density which is smaller than the total flux density. The spectrum of the physical object has two different slopes: one which is fitted to the flux density of the unresolved sources and one which is fitted to the flux density of the resolved sources. In these cases the user has to verify the resolutions of the data points and to make a choice to which points he or she wants to fit a power law. Extended sources thus exhibit different spectral indices (∆α > 0.3) within the same frequency range (between 100 and 500 MHz in the example of Fig. 6 ).
Complex sources
Nearby large Galactic radio sources often display a complex structure (Fig. 7) . In the presence of a sufficient number of observations at different frequencies the SPECFIND algorithm identifies power laws, but as for the extended sources, there are multiple spectral indices within the same frequency range (here between 100 MHz and 10 GHz). In the case of such complex sources the user has to carefully inspect all resolutions and, if necessary, all source extents in the original catalogues in VizieR.
Physical double sources
Since the typical resolution of the SPECFIND entry surveys is ∼ 2 ′ (Table 2) , radio sources which are separated by less than this distance will most frequently end up in one object in the SPECFIND catalogue (Fig. 8) . There are ob- servations with large beamwidths which comprise the two sources and observations with higher resolution which resolve the two sources. In a physical double source, i.e. the radio lobes of an active galactic nucleus, the two sources often differ in flux density, size, and spectrum. Many double lobe radio sources show an intrinsic asymmetry in their lobes, probably due to Doppler-boosting and jet inclination. The different resolutions of the surveys and the detection of different source components leads to a dispersion of the spectral indices in the composite spectrum.
Unphysical multiple sources
Other sources which are separated by less than 2 ′ are not physically related, i.e. the sources are only close in projection (Fig. 9 ). When these sources exhibit two largely different spectral indices, they can be separated easily with the help of the radio spectrum. If these source have about the same spectral index the user has to rely on the NVSS image. Lower panel: Vizier view of the radio spectrum. Red symbols: Specfind V2.0; green symbols: waste, i.e. source with overlapping beams that do not fit the radio spectrum.
Spectral breaks
As described in Vollmer et al. (2005a) the SPECFIND algorithm is able to detect a spectral break if enough data points at independent frequencies are available. Due to the increased number of input frequencies in the SPECFIND V2.0 catalogue, we could identify 18 sources which show a spectral break (Fig. 10) . Since the frequency coverage of the input survey ranges between ∼ 100 MHz and ∼ 10 GHz, Aladin view of the NVSS image, the positions of the radio sources and the beamsizes of the radio surveys. Lower panel: Vizier view of the radio spectrum. Red symbols: Specfind V2.0; green symbols: waste, i.e. source with overlapping beams that do not fit the radio spectrum.
the break is located in the middle of this interval around 1 GHz. These Giga Hertz Peaked Sources (GPS) are powerful (log P 1.4 GHz > 25 W Hz −1 ) and compact (< 1 kpc) extragalactic radio sources, which show a convex radio spectrum peaking between 500 MHz and 10 GHz in the observer's frame (for a review see O'Dea 1998). The physical mechanism responsible for the turnover of the spectrum is still unclear with two competing models proposed: the synchrotron self-absorption caused by dense plasma within the Aladin view of the NVSS image, the positions of the radio sources and the beamsizes of the radio surveys. Lower panel: Vizier view of the radio spectrum. Red symbols: Specfind V2.0; green symbols: waste, i.e. source with overlapping beams that do not fit the radio spectrum.
source or the free-free absorption caused by a screen external to the source. GPS sources are associated with either quasars or galaxies. All but one objects of Fig. 10 were already included in the SPECFIND V1.0 catalogue, but the limited frequency range often prevented the detection of the spectral break. Four objects are included in the GPS sample of Vollmer et al. (2008) which was based on SPECFIND V1.0 objects showing an inverted radio spectrum. 
Accuracy of radio catalogues
The cross-identification realized for SPECFIND V2.0 allowed us to evaluate the accuracy in position and flux density of the 97 radio catalogues with respect to the NVSS source catalogue. We do not find significant systematic offset in position or flux densities between the entry catalogues (Table 2 ) and the NVSS catalogue. SPECFIND spectrum #92639 Fig. 9 . Unphysical double sources -WN B2228.2+5940A. Upper panel: Aladin view of the NVSS image, the positions of the radio sources and the beamsizes of the radio surveys. Lower panel: Vizier view of the radio spectrum. Red symbols: Specfind V2.0; green symbols: waste, i.e. source with overlapping beams that do not fit the radio spectrum.
Summary
We present the second release of the SPECFIND catalogue, SPECFIND V2.0, which is available at CDS's VizieR 5 . The catalogue contains 107488 cross-identified objects with at least three radio sources observed at three independent frequencies. The cross-identification algorithm is based on proximity, source extent, survey resolution, flux density at the same frequency, and power law spectra at different frequencies (Vollmer et al. 2005a) . We increased the number of entry catalogues from 20 to 97 containing 115 tables (Table 2) . This large increase was only made possible by the development of 4 tools at CDS which use the standards and infrastructure of the Virtual Observatory (VO). This was done in the framework of the VO-TECH Design Study. The first three tools described below are not specificly designed for radio data and can be used for other purposes. Together with the associated manuals they are available at http://eurovotech.org/twiki/bin/view/VOTech. These tools are: With a modest increase in the number of input sources (∼ 8%) we could increase the number of cross-identified objects by ∼ 60%. We decided not to remove extended and complex sources from SPECFIND V2.0 and therefore caution the user against a blind use of the catalogue. Typical source geometries and subsequent radio spectra are given in Sect. 4). Most frequently, the user can separate the underlying objects with the help of the SPECFIND radio spectrum and the NVSS image. Due to the larger frequency coverage of the SPECFIND entry catalogues with respect to that of the previous release spectral breaks are present in the SPECFIND V2.0 catalogue.
